Herbivorous insects use diverse feeding strategies to obtain nutrients from their host plants. Rather than acting as passive victims in these interactions, plants respond to herbivory with the production of toxins and defensive proteins that target physiological processes in the insect. Herbivore-challenged plants also emit volatiles that attract insect predators and bolster resistance to future threats. This highly dynamic form of immunity is initiated by the recognition of insect oral secretions and signals from injured plant cells. These initial cues are transmitted within the plant by signal transduction pathways that include calcium ion fluxes, phosphorylation cascades, and, in particular, the jasmonate pathway, which plays a central and conserved role in promoting resistance to a broad spectrum of insects. A detailed understanding of plant immunity to arthropod herbivores will provide new insights into basic mechanisms of chemical communication and plant-animal coevolution and may also facilitate new approaches to crop protection and improvement. 
INTRODUCTION
Terrestrial plants are a food source for an estimated one million or more insect species from diverse taxonomic groups. Insects use various feeding strategies to obtain nutrients from all above-and belowground plant parts. Although all phytophagous insects inflict mechanical damage on plant tissues, the quantity and quality of injury vary greatly, depending on the feeding tactic. Approximately twothirds of all known herbivorous insect species are leaf-eating beetles (Coleoptera) or caterpillars (Lepidoptera) that cause damage with mouthparts evolved for chewing, snipping, or tearing (116) . Piercing-sucking herbivores such as thrips and spider mites use tube-like structures to suck the liquid content from lacerated cells, whereas leafminers develop and feed on soft tissue between epidermal cell layers. Aphids, whiteflies, and other Hemiptera insert specialized stylets between cells to establish a feeding site in the phloem. In each of these insect-plant relationships, both partners send and receive chemical cues that determine the outcome of the interaction. Contact chemoreceptors on the insect mouthparts, antennae, and tarsi (feet), for example, gauge the suitability of the host as a food source. Conversely, plant cells recognize and respond to insect movement, wound trauma inflicted by feeding, and compounds in insect oral secretions.
A recurring theme in all spheres of plantinsect biology is variation in the extent to which herbivores exercise dietary specialization. Generalist (i.e., polyphagous) insects feed on many hosts from different plant families. Specialists (i.e., monophagous and oligophagous insects) subsist on one or a few plants from the same family. An insect's decision to accept or reject a host is determined in large part by a myriad of chemical deterrents and attractants. There is good reason to believe that much of the extraordinary diversity of specialized plant compounds, so-called secondary metabolites, results from the coevolutionary struggle of herbivores and plants to eat or not be eaten (13) . As sessile organisms, plants rely heavily on chemical defenses to thwart insect attack. Compounds that exert repellent, antinutritive, or toxic effects on herbivores are commonly referred to as direct defenses. Physical barriers such as leaf toughness and trichomes that increase plant fitness in the presence of herbivores are also direct defenses. A second layer of indirect protection is afforded by herbivore-induced plant volatiles and nectar rewards that attract natural enemies of the herbivore (67) . The combined effects of direct and indirect defense provide durable resistance to a broad spectrum of arthropod herbivores in natural ecosystems (33, 68) .
Plant traits that confer resistance to insect pests may also be classified according to the manner in which they are regulated. Some traits are expressed constitutively under the control of hard-wired developmental programs, irrespective of the herbivore threat level. Reproductive tissues, for example, typically accumulate large amounts of defensive proteins and metabolites. In contrast to these preformed barriers, herbivorechallenged plants mount active defense responses at the site of tissue damage and, in many cases, systemically in undamaged tissues (14) . This highly dynamic form of induced resistance has been documented in species throughout the plant kingdom (61) . Evidence indicates that induced defenses evolved because they have lower resource allocation costs than constitutive resistance traits (10, 60) . In addition to induced defensive traits, plants can minimize the fitness consequences of tissue loss by activating physiological processes, such as sequestration of sugars in below-ground tissues, that allow the plant to better tolerate herbivory (118) .
The ability of plants to recognize and respond defensively to insect attack constitutes a form of immunity. Unlike the highly specific adaptive immune system of vertebrates in which mobile defender cells recognize and eliminate pathogenic challenges, plant immunity to insects relies on the innate ability of each cell to perceive "danger" signals, to transmit this information systemically to fend off future attacks, and to mount direct and indirect defenses that reduce insect performance. Our current understanding of the mechanisms and evolutionary origins of immune recognition in plants comes mainly from studies of plant-pathogen interactions (55) . Basal resistance to pathogen infection is triggered by transmembrane receptors that recognize pathogen-associated molecular patterns. These ancient microbial molecules, which include fragments of bacterial cell walls, flagellin, and EF-Tu (elongation factor Tu), alert the host to the presence of intruding microorganisms (37, 148). As a second line of defense, the plant immune system relies on disease resistance (R) proteins to detect effector molecules (i.e., virulence factors) that pathogens secrete into plant cells to counteract or weaken host defense. A unifying theme in plant immunity to pathogens is the involvement of receptors that recognize pathogenderived molecules or, in the case of most R proteins, pathogen-modified host proteins.
Relatively little is known about the molecular recognition events that trigger plant immunity to insect herbivores. However, plants appear to use multiple surveillance systems to recognize insects with a wide range of lifestyles and feeding behaviors. One of these recognition systems is conceptually similar to pathogen-triggered immunity because it involves the perception of exogenous molecules that, when delivered to plant cells via insect secretions, elicit a host defense response. These elicitors can be insect-derived molecules or plant compounds that are modified by the insect. The notion that plants recognize insectmodified compounds of plant origin is consistent with the so-called guard hypothesis, which postulates that R proteins recognize damage to endogenous plant proteins and subsequently initiate a defense response (55) . That plants activate many anti-insect defenses in response to mechanical tissue damage indicates that endogenous signals produced by distressed cells also play a critical role in plant perception of herbivory; the concept of wound trauma as a trigger for defense is analogous to danger signal models of the vertebrate immune system (86) . The plant hormone jasmonic acid ( JA) and related signaling compounds (collectively referred to as jasmonates) are ubiquitous signals for tissue injury and for the subsequent activation of defense responses to many, if not most, insect herbivores.
Here, we review recent advances in our understanding of the molecular and biochemical mechanisms of plant immunity to insect herbivores. First, we discuss early signaling events at the plant-insect interface and their involvement in insect recognition. Second, we describe the central role of jasmonates in the regulation of defense responses to herbivory and discuss important new developments regarding the mechanism of jasmonate action. Finally, we highlight specific examples of direct and indirect defensive traits that impact host-plant selection by, or resistance to, insect herbivores.
EARLY SIGNALING EVENTS AT THE PLANT-INSECT INTERFACE
Successful implementation of an induced defense response requires that plants respond to herbivory both rapidly and accurately. Early signaling events at the plant-insect interface, which occur well before changes in host plant gene expression and defense-related metabolism, are critical for the process of herbivore recognition (83) . Several studies have identified insect elicitors that allow plants to distinguish herbivory from mechanical damage. In the case of hemipteran herbivores, there is evidence for the involvement of R genes in the control of host plant resistance.
Mechanical Wounding Versus Herbivory
Although all herbivory results in plant tissue damage, tissue disruption per se is not always a reliable indicator of insect attack. Therefore, to avoid wasting defensive resources, plants must differentiate insect feeding and simple mechanical damage, such as that caused by hail or wind in natural settings. Some responses, including the upregulation of genes required for cell repair and response to osmotic stress, would likely occur as a result of either herbivory or mechanical wounding. However, the production of toxic secondary metabolites and other defensive responses would presumably benefit only herbivore-challenged plants.
Changes in gene expression underlie the induced synthesis of most defensive secondary metabolites and proteins, as well as other changes in plant metabolism that occur during herbivory. Microarray experiments with several plant species, including Arabidopsis thaliana (Arabidopsis) (23, 102) , Nicotiana attenuata (coyote tobacco) (137) , Populus trichocarpa × Populus deltoides (hybrid poplar) (84, 99) , and Picea sitchensis (Sitka spruce) (100), compared gene expression patterns induced by mechanical wounding with that induced by insect feeding or simulated herbivory. Although there is considerable overlap in the induced expression patterns, there are also transcriptional responses that appear to be specific to insect feeding or the application of insect oral secretions to wound sites. In some cases, these responses have been associated with the production of specific insectdeterrent compounds such as nicotine (52) and glucosinolates (88) .
There are two main theories to explain how plants discriminate insect herbivory from mechanical damage. The first is that plants recognize compounds in insect oral secretions. This view is supported by the identification of several insect-derived factors that elicit defense responses when applied to artificial wounds (see below). Plants may also differentiate mechanical wounding from herbivory through the use of as yet unknown mechanisms that gauge the quantity and quality of tissue damage. Caterpillar feeding, for example, involves the action of specialized mandibles that remove similarly sized pieces of leaf tissue in a highly choreographed and predictable manner. Most studies showing that mechanical wounding and herbivory (or simulated herbivory) elicit different responses have relied on wound treatments that do not approximate tissue injury caused by insect grazing (90) . Recognizing this limitation, researchers have developed novel approaches to disentangle the effects of mechanical damage 44 Howe · Jander from the effects of oral secretions. One approach in studying the role of insect saliva in plant-lepidopteran interactions, for example, is to challenge plants with larvae in which the labial salivary gland is removed. Such experiments with Helicoverpa zea (corn earworm) provided evidence that salivary secretions qualitatively affect plant defense responses to caterpillar feeding (93) . A second approach is to challenge plants with mechanical caterpillar devices that more accurately mimic tissue injury caused by caterpillar feeding (90) . These experiments have shown that repetitive mechanical wounding of Phaseolus lunatus (lima bean) leaves elicits a pattern of volatile emission that is qualitatively similar to that induced by caterpillar attack. It is thus clear that the temporal and spatial patterns of mechanical injury are a critical determinant of the host defense response.
Insect Oral Secretions
One of the best-studied plant responses to herbivory is the elevated release of volatiles, which include terpenes, green leafy volatiles, ethylene, and other volatile organic compounds. Studies with several plant-insect combinations have demonstrated that insect feeding or application of oral secretions to wound sites elicits a different or more intense volatile response than mechanical damage alone (7, 8, 22, 112, 135) . Plants can benefit from herbivory-specific volatile production through direct deterrent effects on the herbivores, attraction of predators to the site of insect feeding, and intraplant signaling events that poise uninfested tissue for more rapid defense induction. Because of the relative ease of volatile collection and the nondestructive nature of the assay, induced volatile production has been used to identify insect-derived elicitors of plant defense responses.
N-17-hydroxylinolenoyl-l-glutamine (volicitin) (Figure 1 ) was identified in Spodoptera exigua (beet armyworm) oral secretions through its ability to induce volatile release in Zea mays (maize) seedlings (5) . This com-FAC: fatty acid-amino acid conjugate pound was the first example of what appears to be a widely prevalent production of fatty acid-amino acid conjugates (FACs) (Figure 1 ) by lepidopteran larvae (3, 40, 92, 98) . Specific responses to FACs in lepidopteran oral secretions, including changes in gene expression, alteration of the plant proteome, and induced production of nicotine and protease inhibitors, have been studied most extensively in N. attenuata (35, 39) . Selective binding of volictin to plasma membrane preparations from maize suggests the existence of an FAC receptor (134) . Other workers have suggested that the detergent-like properties of FACs may account for some of the biological activities of these amphiphilic compounds (81) .
Some plants, including P. lunatus and Gossypium hirsutum (cotton), do not respond to FACs (120) . However, the release of volatiles by FAC-insensitive plants in response to caterpillar feeding indicated that other elicitors are present in the oral secretions. A bioassay-guided search for elicitors of ethylene production in Vigna unguiculata (cowpea) led to the identification of proteolytic fragments of plastidic ATP synthase γ-subunit in the oral secretions of Spodoptera frugiperda (fall armyworm) (112) . At least four of these disulfide-bonded peptides, called inceptins (Figure 1) , are produced through the digestion of plant proteins in the S. frugiperda gut (113) . Although Phaseolus vulgaris (common bean) responded similarly to inceptin, Z. mays and Nicotiana tabacum (cultivated tobacco) did not (112) . The proposed mechanism of action of inceptin is consistent with the guard hypothesis of plant immunity, but plant receptors for these elictors remain to be identified.
Oral secretions from orthopteran insects also use an FAC-independent mechanism to elicit volatile release in the host plants of these insects. Recently, a new class of sulfated fatty acids called caeliferins (Figure 1) was identified in the oral secretions of Shistocerca americana (American bird grasshopper) and other grasshopper species (4 Insect-derived elicitors of host plant defense responses. Volicitin and N-linolenoyl-l-glutamine belong to the family of fatty acid-amino acid conjugates (FACs) found in oral secretions of lepidopteran larvae. The fatty acid and amino acid moieties of FACs are derived from the insect and host plant, respectively (95) . Inceptin, which was also isolated from oral secretions of lepidopteran larvae, is produced by proteolytic degradation of chloroplast ATP synthase in the insect gut. FACs and inceptin thus represent examples of elicitors that are produced by modification of plant compounds within the insect. Caeliferins were isolated from the oral secretions of the grasshopper species Schistocerca americana. Bruchins, which are produced by pea weevils and related bruchids, stimulate neoplastic growth at the site of weevil oviposition.
from maize seedlings. It is not known whether this response functions to deter grasshopper feeding directly, attracts predators, or provides some other benefit to the host plant. Further research is also necessary to determine whether the abundantly produced caeliferins provide an essential defensive or digestive benefit to the grasshoppers. Given the numerous insect herbivores that trigger defense responses and the comparatively small number of plant-insect combinations that have been examined in detail, the discovery of additional components of insect oral secretions that elicit host defense responses can be anticipated. Other types of insect secretions also elicit defense responses. For instance, plants can respond to insect oviposition fluids, either in anticipation of imminent herbivory or to attract egg-eating predators (48) . Bruchins (Figure 1 ) in the 46 Howe · Jander oviposition fluid of Bruchis pisorum (pea weevil) elicit tumor-like growths beneath the egg on Pisum sativum (pea), which inhibits entry of the larvae into the pod. Oviposition by the sawfly Diprion pini on Pinus sylvestris (Scots pine) increases the production of terpenoid volatiles and decreases ethylene release (117) . Similarly, oviposition by Pieris brassicae (large white butterfly) on A. thaliana triggers the expression of defense-related genes (80) . The plant signaling compounds JA and salicylic acid (SA) accumulate in insect eggs and may contribute to the elicitation of defense responses (133) .
R Genes Mediate Aphid Resistance
Insect-derived elicitors have not yet been identified for aphids, whiteflies, or other phloem-feeding Hemiptera. Although these insects cause comparatively little tissue damage when feeding from phloem sieve elements, plants are nevertheless able to mount distinctive metabolic and transcriptional responses to hemipteran attack (23, 65, 88, 137) . Aphid salivary enzymes such as peroxidase and pectinase may be elicitors of plant defense responses (89), but this hypothesis remains to be tested rigorously.
Genetic evidence from several monocot and dicot crop species supports the idea that R gene products mediate resistance to phloem-feeding insects (119) . In two cases, specific plant NBS-LRR (nucleotide binding site-leucine rich repeat) proteins that contribute to the recognition of hemipteran herbivores have been identified. The tomato Mi-1 gene provides resistance to some isolates of Macrosiphum euphorbiae (potato aphid) and Bemisia tabaci (silverleaf whitefly), although not to Myzus persicae (green peach aphid) (94, 106) . Another NBS-LRR protein, encoded by the melon Vat gene, confers increased resistance to both Aphis gossypii (cotton aphid) and the transmission of plant viruses by this aphid species (26). By analogy to plant defense against pathogens, these findings suggest a gene-for-gene interaction between the SA: salicylic acid
MAPK:
mitogen-activated protein kinase plant and the aphid. However, the presumed avirulence proteins in aphid saliva have not yet been identified.
Calcium Flux, Membrane Potential, and Mitogen-Activated Protein Kinases
Relatively little is known about the signal transduction pathways that connect insectspecific elicitors to the plant defense responses they evoke. The calcium ion (Ca 2+ ) has been implicated as a second messenger in many plant signaling pathways, including responses to herbivory (83) . Under normal conditions, the cytosolic Ca 2+ content is several orders of magnitude lower than that in organelles or apoplastic fluid. Transient increases in cytosolic Ca 2+ levels activate calmodulin and other calcium-sensing proteins that subsequently promote downstream signaling events, including protein phosphorylation and transcriptional responses. Feeding by Spodoptera littoralis (Egyptian cotton worm) on P. lunatus causes a transient increase in cytosolic Ca 2+ in cells adjacent to the insect bite (82) . In other experiments with P. lunatus, treatment with a Ca 2+ chelator prevented defense gene induction in response to feeding by Tetranychus urticae (two-spotted spider mite) and volatiles from mite-infested neighboring plants (9) . In A. thaliana, the nuclear protein IQD1 binds calmodulin in a Ca 2+ -dependent manner and thereby affects the transcription of genes involved in glucosinolate biosynthesis (75 
REGULATION OF DEFENSE RESPONSES BY JASMONATES
Evidence has accumulated over the past few years to indicate that the jasmonate family of signaling compounds functions in endogenous regulation of plant resistance to arthropod herbivores. Below, we discuss the various roles of jasmonates in anti-insect defense, the mechanism by which herbivore-induced jasmonate synthesis promotes global reprogramming of defense gene expression, and the regulation of this response.
Jasmonates Serve Multiple Roles in Plant Immunity to Insects
Jasmonates play a central role in regulating defense responses to herbivores that inflict various types of tissue damage. This conclusion is based on numerous laboratory and field studies showing that jasmonate mutants are compromised in resistance to a wide range of arthropod herbivores, including caterpillars (Lepidoptera), beetles (Coleoptera), thrips (Thysanoptera), leafhoppers (Homoptera), spider mites (Acari), fungal gnats (Diptera), and mirid bugs (Heteroptera) (14, 50, 67 (Figure 2) . Genes encoding nearly all jasmonate biosynthetic enzymes have been identified (108) . It is now clear that further metabolism of newly synthesized JA plays a critical role in regulating downstream transcriptional responses. Among the routes of JA metabolism that modulate plant responses to biotic stress are (a) synthesis of the volatile compound methyl-JA (MeJA) by JA-carboxymethyl transferase (108) and (b) formation of jasmonoyl-isoleucine ( JA-Ile) and other JA-amino acid conjugates ( JACs) by JASMONATE RESISTANT 1 ( JAR1) and related conjugating enzymes (59, 121) (Figure 2) . A strict requirement for JA synthesis in anti-insect defense was demonstrated by the use of mutants that are impaired in the β-oxidation stage of the octadecanoid pathway (76, 110) . This conclusion is consistent with the fact that conjugation of JA to isoleucine (Ile) is required for direct defense against caterpillar feeding (59) . Plastidderived 12-oxo-phytodienoic acid (OPDA) is implicated as a signal per se (i.e., in the absence of its conversion to JA) for a limited range of direct (123) for degradation during jasmonate signaling (19, 129) . Several lines of evidence indicate that at least some members of the JAZ family act as repressors of jasmonate-responsive genes. First, JAZ proteins are degraded in a COI1-and 26S proteasome-dependent manner in response to JA treatment. Second, dominant mutations in the conserved C-terminal domain of JAZ proteins stabilize them against SCF COI1 -mediated degradation and, as a consequence, reduce the plant's responsiveness to JA/MeJA (19, 129, 143) . Finally, physical interaction of COI1 and JAZ1 is stimulated in a dose-dependent manner by JA-Ile and, to a lesser extent, by JA-Leu (129). That JA, MeJA, and OPDA failed to promote this interaction indicates that the COI1-dependent biological activity of these compounds requires their conversion to a bioactive JAC (e.g., JA-Ile) or that these JA derivatives promote COI1 interaction with different JAZ substrates. The ability of JA-Ile to stimulate the COI1-JAZ1 interaction in the yeast two-hybrid system (i.e., in the absence of other plant proteins) implicates the COI1-JAZ complex as a receptor for JA-Ile (129). Although ligand-binding studies are needed to test this hypothesis, it is worth noting that the emerging picture of jasmonate action is analogous to the auxin signaling pathway, in which auxin binding to the LRR domain of the TRANSPORT IN-HIBITOR 1 (TIR1) receptor promotes the degradation of Aux/IAA transcriptional repressors (126) . It will be interesting to determine whether the concept of auxin as a molecular glue that promotes TIR1-substrate interactions extends to JA-Ile as a ligand for the LRR domain of COI1.
These new insights into the mechanism of jasmonate action suggest that the core signal transduction chain for wound-and herbivoreinduced expression of defensive genes is composed of relatively few links. In healthy undamaged leaves, low JA-Ile levels presumably allow JAZs to accumulate and repress the transcription of target genes (Figure 3a) . Establishment of this repressed state involves direct interaction of JAZ proteins with transcription factors, such as MYC2, that promote the expression of jasmonate-responsive genes (19) . In response to tissue injury, rapid accumulation of JA-Ile would trigger SCF COI1 -mediated degradation of JAZ proteins and subsequent derepression of defense-related genes (Figure 3b) . A noteworthy feature of most JAZ transcripts is their rapid accumulation in response to jasmonate treatment (129) or wound trauma (H.S. Chung & G.A. Howe, unpublished data). Rapid resynthesis of JAZ repressors presumably provides a mechanism to restrain the expression of energetically demanding and potentially cell-damaging defensive processes when jasmonate levels decline, for example, upon cessation of insect feeding. Such a mechanism of negative feedback control suggests that the expression of jasmonate-based defenses should be viewed more as a continuum than as discrete induced and uninduced states. The key role of JA-Ile in regulating the strength of the response highlights the need to study further the cellular mechanisms of JAC homeostasis in healthy and injured tissues. It can be anticipated that a combination of negative and positive feedback mechanisms allows the plant to mount a defense response that is commensurate with the intensity and duration of the attack.
Specificity of Jasmonate-Based Defenses
An important question concerning jasmonate-regulated defenses is whether the response is specific for different herbivores and, if so, how this specificity is achieved. Reymond and colleagues showed that crucifer specialist (Pieris rapae, small white butterfly) and generalist (S. littoralis) caterpillars elicit nearly identical gene expression patterns in A. thaliana (102) . Much more divergent patterns were observed in plants challenged with insects from different feeding guilds (23, 45) . For example, although the transcriptional response of A. thaliana to chewing (P. rapae) and piercing-sucking (Frankliniella occidentalis, western flower thrips) insects was dominated by jasmonateregulated genes, the majority of these genes (61%) exhibited an expression pattern that was specific to one of the two attackers (23) . Transcript profiles elicited by phloemFeeding guild: a group of insect herbivores that use one of various types of feeding behavior (e.g., chewing or piercing-sucking) to obtain nutrients from host plant tissue feeding insects are markedly different from those induced by attackers from other feeding guilds and are generally associated with the activation of SA-responsive genes and weak expression of JA-responsive genes (23, 32, 65, 131) . Induction of the jasmonate pathway by aphid feeding likely reflects cell damage caused by stylet probing (57, 131) . The phloem-feeding B. tabaci, which causes much less mechanical damage than do aphids, does not activate JA-responsive genes (145) . Emerging evidence indicates that phloem feeders actively suppress jasmonate-based defenses (131, 145) . In summary, insects from different feeding guilds tend to elicit distinct (but overlapping) patterns of gene expression, whereas attackers from the same guild evoke very similar responses. Because most insects betray their presence by triggering jasmonate synthesis in damaged tissues, jasmonatesignaled defenses may have evolved as a relatively nonspecific strategy to deter a large variety of different herbivores.
Relatively little is known about the early signaling events involved in herbivoreinduced production of bioactive jasmonates. That severe mechanical tissue damage, abiotic stress, and developmental cues activate jasmonate synthesis and many associated defenses indicates that insect-derived factors are not strictly required for these responses (Figure 4) . Rather, it would appear that insect-derived elicitors such as FACs and inceptin (see above), which stimulate JA synthesis when applied to artificial wounds, reinforce or amplify the jasmonate pathway (67, 112) . In addition to modulation by herbivore-derived factors, jasmonate-regulated defenses may be positively or negatively modulated by other phytohormones (14, 105) . SA, for example, is well known for its ability to antagonize induced defense responses to lepidopteran insects (14, 21) . Ethylene also affects the expression of defensive proteins and secondary metabolites (43, 51, 141) . In comparison to the jasmonates, however, ethylene production during herbivore attack is considered to play a relatively minor role in the active defense response (138) . The specificity of induced defense responses to herbivory may also be influenced by differential interactions between various bioactive jasmonates, COI1, JAZ proteins, and the downstream transcription factors they regulate. For example, specific members of the JAZ family may control distinct sets of herbivore-responsive genes in different cell types or in response to different ligands. Phosphorylation of JAZ proteins by a MAPK (64) suggests a mechanism to modify the specificity of responses or integrate the jasmonate pathway with other signals. The recent discovery (121) that JA is conjugated to the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) is of interest because JA and ethylene accumulate simultaneously and act synergistically in response to herbivory (49, 111, 138) . The hypothesis that JA-ACC (Figure 2) is involved in the control of defenses that are coordinately regulated by the jasmonate and ethylene pathways deserves further attention.
Systemic Signaling
Many inducible defenses are expressed rapidly (i.e., within hours) in undamaged leaves of herbivore-challenged plants. This fascinating systemic response, which has been documented in a wide range of plant species, provides effective resistance to future insect attacks (14, 61) . Since the discovery of this phenomenon more than 35 years ago (38), considerable research effort has been devoted to the identification of systemic wound signals and the underlying mechanisms by which they are produced, transported, and perceived. Classical grafting experiments indicate that systemic proteinase inhibitor (PI) expression in S. lycopersicum depends both on JA synthesis at the site of wounding and on jasmonate perception in distal undamaged leaves. These and other findings support a model in which JA (or a derivative of JA) acts as a phloemmobile signal (109) . Systemin, which is a potent peptide elicitor of PI expression in S. lycopersicum, appears to strengthen systemic defenses by amplifying jasmonate synthesis in damaged leaves (109) . Notably, however, the systemin homolog in Solanum nigrum (black nightshade) does not mediate PI expression or other direct defense responses (114) . The divergent role of systemin in closely related species suggests that different plants may employ distinct mechanisms to regulate jasmonate synthesis and systemic responses to herbivory (50) .
Recent studies with N. attenuata indicate that FACs in oral secretions of M. sexta elicit rapid activation of MAPK activity and defense-related genes in undamaged areas of the attacked leaf (142) . FAC binding to a hypothetical receptor was proposed to generate a rapidly acting, short-distance mobile signal that triggers MAPK cascades in the damaged leaf. This intraleaf systemic response is followed by the production of a second mobile signal (e.g., jasmonate) that initiates PI expression in distal undamaged leaves. These findings are consistent with the idea that multiple intercellular signals, acting over a range of distances, mediate the complex spatiotemporal responses of plants to herbivory. That both S. lycopersicum systemin and FACs positively regulate jasmonate synthesis via a MAPK cascade (58, 142) suggests that parallel signaling pathways initiated at the plantinsect interface may converge on the jasmonate pathway (Figure 4) .
DIRECT DEFENSE RESPONSES Secondary Metabolites
It is likely that all plants exhibit constitutive or induced accumulation of toxic secondary PI: proteinase inhibitor metabolites as part of their defense against herbivory. Research with numerous plant species has revealed a great variety of small molecules with toxic or antifeedant effects on insect herbivores. Many terpenoids, the most metabolically diverse class of plant secondary metabolites (>40,000 known structures), play a role in plant defense (2) . The alkaloids, widely distributed secondary metabolites that are best known for their metabolic effects in mammals (e.g., caffeine, nicotine, morphine, strychnine, and cocaine), likely evolved as a defense against insect herbivory. Other wellstudied classes of plant secondary metabolites with defensive properties include the furanocoumarins, cardenolides, tannins, saponins, glucosinolates, and cyanogenic glycosides.
Recent advances in plant molecular biology have made it possible to identify the biosynthetic pathways leading to the production of defensive toxins. For example, Frey and coworkers (30) discovered genes encoding all five enzymes involved in the biosynthesis of 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA), a toxin found in maize, wheat, and other Gramineae. Almost all genes required for the production of glucosinolates, a diverse class of metabolites found in the model plant A. thaliana and other Cruciferae, have been identified (41). As an example of how such knowledge of biochemical pathways can be applied to change plant immunity to herbivory, A. thaliana was engineered with three enzymes from Sorghum bicolor (grain sorghum) to produce the cyanogenic glycoside dhurrin, thereby enhancing resistance to Phyllotreta nemorum (yellow-striped flea beetle) (127) .
Many defensive compounds are potentially toxic to the plants that produce them. Therefore, the storage of relatively benign precursors that are activated by herbivory is a recurring theme in plant biology. For instance, all three of the defensive systems mentioned in the previous paragraph include compounds that are sequestered in plants, but not activated until the onset of herbivory. DIBOA is stored as inactive DIBOA-glucoside, glucosinolates are enzymatically activated to produce toxic breakdown products, and the respiratory inhibitor hydrogen cyanide is released from cyanogenic glycosides during herbivory.
The complex mixture of toxins found in many plants may provide synergistic effects in defense against herbivory. For instance, a combination of two monoterpenoids is almost ten times more toxic to Spodoptera litura (tobacco cutworm) than would have been predicted from a simple additive effect (53) . Similarly, exposure of Callosobruchus maculatus (cowpea bruchid) to PIs shows synergistic effects; growth inhibition by several PIs is more effective than the sum of the individual inhibitors (6) . Although some herbivores can compensate for the presence of PIs by consuming additional plant tissue (140), increased food consumption may be constrained by the deleterious effects of increased exposure to toxins. Steppuhn & Baldwin (122) recently verified this experimentally by silencing PI expression and/or nicotine production in N. attenuata and demonstrating that compensatory feeding by M. sexta in response to PIs was prevented by the presence of nicotine in the diet.
In addition to possible synergistic effects, metabolic diversity in toxin production by individual plants can also provide defense against multiple herbivores with different feeding styles or resistance mechanisms. Recent work on glucosinolates demonstrates how natural selection for a diverse profile of secondary metabolites can provide defensive specificity. Nearly 40 different glucosinolates have been found in A. thaliana, and more than 100 breakdown products are likely formed after activation by the enzyme myrosinase. Experiments with four insect herbivores showed that tryptophan-derived indole and methionine-derived aliphatic glucosinolates have differing effects on Hemiptera and Lepidoptera (87) . Indole glucosinolates, which break down in the absence of the activating enzyme myrosinase (11), provide a better defense against M. persicae than do the more stable aliphatic glucosinolates (70) . The EPITHIOSPECIFIER (ESP) and EPITHIOSPECIFIER MODIFIER 1 (ESM1) loci, which were identified by means of natural variation in insect resistance (73, 147) , control the breakdown of aliphatic glucosinolates to either nitriles or isothiocyanates. Isothiocyanates provide better resistance to T. ni, S. littoralis, and P. rapae than do nitriles (1, 16, 73) . Nevertheless, the continued presence of the nitrile-generating ESP protein in many A. thaliana land races (73) suggests that nitrile production benefits plants in nature.
Defensive Proteins
Insect feeding triggers the expression of plant defensive proteins that exert direct effects on the attacker. PIs, which impair various mechanistic classes of digestive proteases in the insect midgut, have been thoroughly studied for their role in the active defense response (38, 107). Inhibition of gut proteases by PIs results in amino acid deficiencies that negatively affect the growth and development of the herbivore (79, 146) . The effectiveness of PIs as a defense is often thwarted by the insect's adaptive ability to express digestive proteases that are insensitive to the host plant complement of PIs or that inactivate PIs (12, 34, 56, 104) . The diversity and rapid evolution of certain PI gene families may reflect the evolution of insect counter-adaptations that have led to the chemical arms race between plants and herbivores (125) .
The plant's defensive protein arsenal also includes enzymes that disrupt insect digestive physiology and other aspects of food consumption. Members of the cysteine protease family of enzymes, for example, disrupt the chitin-rich peritrophic membrane that protects the gut epithelium (72, 91) . Plant lectins and chitinases may also target carbohydratecontaining components of the insect gut (74, 97) . Oxidative enzymes such as polyphenol oxidase (PPO) and lipoxygenase (LOX) covalently modify dietary protein through the 54 Howe · Jander production of reactive o-quinones and lipid peroxides, respectively (20, 29, 139) . Because catalysis by O 2 -dependent enzymes is limited by low oxygen levels in the foregut and midgut of some insect species (54) , an alternative possibility is that PPO and LOX act rapidly (i.e., within seconds) during tissue mastication by insect mouthparts. This hypothesis is particularly germane in the case of plants such as potato and tomato that express high levels of PPO (130) The discovery of novel defensive proteins has been facilitated by proteomic analysis of gut content and feces (frass) of insect herbivores. This approach is based on the premise that defensive proteins are relatively resistant to gut proteases and, as a consequence, are highly enriched during passage of the food bolus through the insect. Application of this procedure to the tomato-reared M. sexta larvae led to the identification of isoforms of arginase and threonine deaminase (TD), which degrade the essential amino acids arginine and threonine, respectively, in the lepidopteran midgut (18) . Arginase and TD appear to be components of a multitiered defensive system that functions to deplete amino acid availability in the alkaline environment of the lepidopteran gut; the low protein (i.e., amino acid) content of plant tissue is often a limiting factor for the growth of insect herbivores (85). TD's ability to degrade threonine is activated during herbivore attack by proteolytic removal of the enzyme's C-terminal regulatory domain (17) . An emerging concept from this and other recent studies (112, 139) is that limited proteolysis of plant proteins in the insect gut provides a level of regulation in the overall control of induced host defenses. In summary, woundinduced postingestive defenses likely involve synergistic interactions between PIs, oxidative enzymes, amino acid-degrading enzymes, and metabolites that exert a combination of toxic and antifeedant effects. The central role of proteins in this process broadens the traditional view that secondary metabolites are the TD: threonine deaminase major determinants of host plant utilization by insects.
Induced expression of many anti-insect proteins is tightly regulated by the jasmonate signaling pathway. Examples of jasmonateinducible proteins that have an established or putative role in direct defense include PPO, arginase, TD, leucine amino peptidase, acid phosphatase (VSP2), and a broad spectrum of PIs (17, 18, 20, 29, 79) . The abundance of many of these proteins in the insect gut correlates with high-level accumulation of the corresponding transcripts in insect-damaged leaves (17, 18) . Jasmonate-induced transcription and high protein stability appear to provide complementary mechanisms to maximize the effectiveness of protein-based defenses while minimizing the high allocation costs associated with the production of protein-based defenses. The lack of expression of jasmonateinducible proteins in coi1 mutants (18, 77) indicates that these proteins are dispensable for plant vegetative growth in the laboratory. This observation, together with the sporadic occurrence of jasmonate-inducible proteins (e.g., TD) in specific plant lineages, suggests that midgut-active defensive enzymes evolved from preexisting housekeeping enzymes that catabolize essential nutrients during normal plant development.
VOLATILE COMMUNICATION DURING HERBIVORY

Volatile-Mediated Direct and Indirect Defenses
The release of volatiles in response to herbivory can provide a direct defensive benefit by deterring further conspecific oviposition (22) or an indirect benefit by attracting predators (66) . The attraction of parasitoid wasps by damage-induced volatiles is a wellstudied phenomenon in many plant species. Parasitoids associate plant-derived odors with the presence of prey, which provides a defensive benefit to the emitting plants as long as volatile production is a reliable beacon of 
Inter-and Intraplant Volatile Communication
In addition to mediating interactions with herbivores and their predators, damageinduced volatiles can provide a signal that allows neighboring plants to prepare for imminent herbivory. This process, called priming, results in a more rapid or a more robust response to subsequent herbivory (9, 28, 62) . Although early experiments relied on laboratory setups with unrealistically high volatile concentrations, there are now good examples of interplant signaling through the release of endogenous volatiles. Green leafy volatiles (primarily degradation products of linoleic and linolenic acids) released by Z. mays primed neighboring plants to respond more vigorously to subsequent mechanical damage and application of caterpillar oral secretions (28). N. attenuata planted adjacent to clipped Artemisia tridentata (sagebrush) received a blend of volatile organic compounds that altered gene expression and caused more rapid induction of PI production upon subsequent feeding by M. sexta (69) .
At first glance, it would appear that eavesdropping on volatile signals should provide a defensive benefit only to the receiving plant. However, in a tree or other large plant, volatiles transferred between branches or leaves of the same individual would potentially allow faster communication of imminent threats than would phloem-mediated propagation of a systemic signal (described above). Recent studies with three plant-insect interaction systems provide evidence of such intraplant volatile-mediated priming. Field experiments with mechanically clipped A. tridentata showed that defense priming depends on the movement of an airborne signal between damaged and undamaged branches (63) . In laboratory experiments with P. deltoides × P. nigra (hybrid poplar), volatiles released by Lymantria dispar (gypsy moth)-challenged leaves primed a nearby leaf on the same plant to release terpene volatiles more rapidly in response to subsequent attack by L. dispar (31). Extrafloral nectar production, which can attract insect predators, was both induced and primed by volatiles released from P. lunatus leaves on the same plant under natural conditions (46) .
PERSPECTIVES AND FUTURE DIRECTIONS
As described in this review, there has been considerable recent progress in deciphering the molecular basis of plant immunity to insect herbivores. Nevertheless, knowledge of how plants perceive and respond to herbivory lags far behind our understanding of plant responses to pathogen invasion. Although both insect-derived elicitors (Figure 1) and NBS-LRR receptors involved in insect recognition have been identified independently, there are as yet no known receptorligand interactions or direct links from these 56 Howe · Jander to the induction of plant defense pathways. Calcium flux, phosphorylation cascades, and other early signaling events are necessary for full defense induction, but the order of these signals, feedback loops that augment or attenuate responses, and connections to downstream transcriptional and metabolic changes remain relatively uninvestigated. Identification of the JAZ family of proteins will permit experiments that lead to a deeper mechanistic understanding of jasmonate signaling and its role in controlling the outcome of a myriad of plant-pest interactions. Rather than being a set of linear pathways, jasmonate and other signals that regulate the expression of plant defenses clearly involve a complex mesh of interactions that provide the flexibility needed to respond to multiple herbivores and pathogens in a natural setting. The inevitable tradeoffs that occur during plant responses to simultaneous attacks and the possible manipulation of the plant defense network (e.g., phytohormone synthesis and action) by herbivores are important research areas that deserve further attention.
Research on plant-pathogen interactions provides a good model for approaches that can also be used to study plant interactions with herbivores. Many of the key pathogen defense genes in plants were discovered by means of mutant screens. Similarly, genetic mapping of plant mutations that alter herbivore resistance, or perhaps responses to purified insect elicitors, will almost certainly lead to the identification of previously unknown defense pathways. Research on plant-pathogen interactions has also benefited greatly from experimental systems in which it is possible to study responses and perform genetic manipulations on both sides of the interaction (e.g., A. thaliana and Pseudomonas syringae). Ongoing genome projects for Medicago truncatula (barrel medic) and Acyrthosiphon pisum (pea aphid) will provide the first plant-insect system in which it is possible to study broad-scale gene expression on both sides of the interaction. Beyond genome sequencing, additional effort should be placed on identifying insect genetic markers, studying natural variation in host plant utilization, and developing methods such as RNA interference for manipulating insect gene expression. The development of such research tools will facilitate studies on both sides of the plant-insect interaction and thereby achieve a more complete understanding of plant immunity to insect herbivores.
SUMMARY POINTS
1. Terrestrial plants use a combination of constitutive and inducible defensive traits to resist challenge by herbivorous insects; in natural ecosystems, any given plant species is consumed by only a small fraction of the herbivores in that environment.
2. Initial signaling events at the plant-insect interface (i.e., the bite zone), which include rapid changes in Ca 2+ flux, membrane potential, and phosphorylation status, play an important role in the control of defensive processes but remain poorly understood.
3. Defense responses to insect attack are elicited by compounds in insect oral secretions.
In the case of plant interactions with some hemipteran insects, there is evidence for the involvement of R genes in the control of host plant resistance.
4. Temporal and spatial patterns of mechanical tissue injury resulting from herbivory play a critical role in the production of endogenous signals that promote host defense responses.
5. The jasmonate signaling pathway is an evolutionarily conserved mechanism to regulate the expression of direct and indirect defenses. As relatively nonspecific sentinels of cellular injury, jasmonates promote resistance to a wide variety of biotic aggressors. 7. Plant defensive metabolites and proteins thwart herbivory by exerting direct repellent, antifeedant, and toxic effects on the insect. Synergistic interactions between these compounds strengthen the host defense response.
8. Herbivore-induced plant volatiles serve several important functions in plant immunity to insect herbivores, including the attraction of insect predators and priming of defense responses.
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